Abstract. Reflectance spectra of olivines spanning the forsterite-fayalite solid-solution series have been analyzed with the modified Gaussian model (MGM). The compositional variability of the three primary absorption bands that constitute the diagnostic 1.0-gm olivine feature has been quantified by examining the centers, widths, and relative strengths in 18 spectra ranging in composition from Mg-rich forsterite to Fe-rich fayalite. These analyses have also revealed several interrelationships among the three absorption bands that prpvide new insights into their crystallographic origins. The primary olivine absorptions near 1.0-gin are well behaved and provide a means to remotely identify and estimate the composition of olivine from reflectance spectra. However, the spectral resolution and signal-to-noise of current remotely acquired data, combined with the significant overlap in the 1.0-gm region, provide enough uncertainty to allow models based on simple least squares minimization to reach solutions that are mathematically satisfying yet physically unrealistic. More sophisticated models using inverse theory that incorporate constraints among the absorption bands as determined from these laboratory MGM analysis are shown to yield meaningful results which can be confidently used to estimate composition in remote data. The MGM and inverse theory are used to analyze the spectrum of the olivine-rich asteroid 246 Asporina and to quantitatively show that the olivine component on Asporina is magnesium-rich (i.e., forsteritic). In contrast to the systematic behavior of the three primary olivine absorptions, absorption features short of 0.7 gm are found to exhibit no obvious relationship to composition and as such are not recommended for use in remote applications.
the forsterite-fayalite solid-solution series. Such an analysis has been performed successfully by Bums for transmission spectra of oriented crystals [Burns, 1970b; Burns et al., 1972; Burns, 1993] . These MGM analyses reveal several interrelationships among the primary olivine absorption bands in reflectance spectra, confirming and extending Burns' observations of absorptions in transmission spectra of oriented olivine crystals. Several compositional trends among the band parameters that describe the three primary olivine absorptions are quantified with the MGM. Using the mathematics of inverse theory, the results from these laboratory analyses of olivine spectra are then explicitly included in MGM modeling of remotely acquired spectra. As an example of the utility of this inverse theory approach, the MGM is used to model the telescopic spectrum of the asteroid 246 Asporina [Chapman and Gaffey, 1979 ; Cruikshank and Hartmann, 1984] and to estimate the composition of olivine present on its surface.
Deconvolution of the 1.0-[tm Olivine Absorption Feature
The composite 1.0-gm absorption feature in olivine spectra can be explicitly separated into its constituent absorption bands using the modified Gaussian model (MGM) of Sunshine et al. [1990] , the first accurate mathematical description of the shape of individual crystal field absorptions. The MGM was developed and validated with empirical studies of isolated crystal field absorption bands in both transmission and reflectance spectra of orthopyroxenes . The MGM can readily be understood in terms of the physical processes involved in crystal field absorptions and has proven to be a robust approach to deconvolving overlapping absorptions in spectra of pyroxene mixtures . The MGM has been used to successfully infer the composition of pyroxenes from reflectance spectra of basaltic lithologies in both meteorites and on the surface of Mars [Mustard and Sunshine, 1995; Mustard et al., 1997] .
Given its strong foundations and demonstrated successes, the MGM is a significant improvement over the Gaussian approach used by previous investigators [Burns, 1970a; Singer, 1981; Roush and Singer, 1986] . The 1.0-gm olivine absorption feature includes substantial overlap among absorption bands. This overlap provides sufficient degrees of freedom in modeling that either modified Gaussian distributions or Gaussian distributions can be used to produce models that are mathematically satisfactory. Yet, as can be seen by comparing Figures 2a and 2b , the two models result in significantly different relationships among the strengths of the apparent absorption bands. Results from a Gaussian model would suggest that the strongest absorption is the middle band, center near 1.0-gm. In contrast, MGM modeling shows that the long-wavelength absorption, centered near 1.3 gm, is in fact the strongest. This discrepancy illustrates the importance of using a physically meaningful representation of individual absorption bands, such as the MGM, in quantitative modeling. Similarly visual inspections of the 1.0-gm olivine feature, which generally focus on the overall band minimum, leave an erroneous impression that the central band is the most dominant. Here again, interpretations of spectra using the human eye can be misleading and less accurate than modeling with the physically based MGM, which mathematically accounts for the shape of the entire absorption band. As will be shown in section 4.3 below, an accurate measurement of the relative strengths of the three olivine absorptions is critical to determining chemical composition of olivine from spectra.
As described in detail by and , the MGM is used to deconvolve a spectrum into a series of absorption bands superimposed onto a baseline or continuum. Under the MGM, absorption bands are described by the three model parameters associated with each modified Gaussian distribution: a band center, a band width, and a band strength. For the analysis of laboratory spectra of olivines, continua are modeled as flat lines (i.e., lines with no slopes) as shown in Figure 2a and 
Laboratory Suite of Olivine Spectra
In order to quantitatively assess the characteristics of olivine spectra as a function of composition, a suite of samples with a range of Mg/Fe ratios, from forsterite (high Mg/Fe; high forsterite number (Fo #) to fayalite (low Mg/Fe; low Fo #) was assembled. Ten olivine samples were gathered from a variety of sources. The sources and compositions of these olivine are listed in Table 1 . Reflectance spectra, from 0.45 gm to 2.60 gm, of <45-gm size particles of these olivines are shown, with Fo # decreasing from top to bottom, in Figure l a. These spectra were collected at a standard viewing geometry of 30 ø incidence and 0 ø emergence angles (measured from the vertical) using the RELAB bidirectional spectrometer (BDS) [Pieters, 1983] .
This collection of RELAB-BDS spectra was augmented by a suite of diffuse reflectance spectra of iron-rich olivines generously provided by T. V. V. King. King and Ridley [1987] compiled their own series of olivine spectra collected from <60 gm-particles arduously separated from samples from the Kiglipait layered mafic intrusion. These diffuse reflectance spectra of the Kiglipait olivines were measured using a Beckman double-beam spectrometer at the USGS as described by King and Ridley [1987] . They are shown with Fo # decreasing from top to bottom in Figure lb . In addition to the Kiglipait olivines, King and Ridley also provided a <60-gm particle diffuse reflectance spectrum of GSB, also shown on Figure lb. Spectra of GSB are thus present in both the RELAB-BDS group (Fo 89-E) and the King and Ridley group (Fo 89-F). Because the two groups of samples were measured under different viewing geometries and have slightly different particle sizes, both spectra of GSB are included throughout this study to provide a cross-check between the populations. The results of the MGM analyses presented in subsequent sections are not affected by the differences in viewing geometry because, as discussed in section 4.3, the MGM relies on values of relative rather than absolute band strength. The RELAB-BDS data are therefore combined with the King and Ridley spectra to form an 18-member suite spanning the full range of olivine compositions across forsterite-fayalite solid-solution series. This combined suite (Figure 1 ) provides an excellent basis for examining variability in olivine reflectance spectra as a function of composition.
Compositional Variations of the Principal 1.0-gm Olivine Absorptions
The spectral variation of the 1.0-gm region in olivine spectra across the forsterite-fayalite solid-solution series has been studied previously in transmission spectra of oriented olivine crystals [Burns, 1970a] . In this landmark work, spectra from all three optical orientations (at=b crystallographic axis, 13=c, and T=a) were examined as a Given the overlap among the absorption bands, both models are able to produce similarly acceptable fits (both with RMS residual errors of 0.37%). However, the models lead to significantly different implied relationships among the strength of the three primary absorption bands. As discussed in the text, since the MGM has been shown to accurately describe the shape of isolated electronic transition absorptions, the MGM solution is considered to be physically more meaningful . From top to bottom in each figure: The residual error between the log of the modeled spectrum and the log of the actual spectrum (offset 10% for clarity), the individual distributions representing absorption bands, the continuum or baseline onto which these distributions are added (dashed curves), and the modeled spectrum (dash-dotted curves) superimposed onto the actual spectrum (solid curves).
function of composition. In the 1.0-gm regions, olivine is strongly pleochroic (i.e., the absorptions vary significantly with orientation). Using a Gaussian-based manual "curve resolver", Burns deconvolved each of the at, [5, and ¾ spectra into absorption bands. Spectra from each orientation were found to consist of three individual absorption bands and numerous compositional trends were identified, the most prominent of which was a shift of band centers to longer wavelength with increasing iron content. However, significant differences among the absorptions as a function of orientation were also observed [see Burns, 1970a , Figure 4 ]. In particular, while all three individual absorption bands were found to be present in spectra from each orientation, the absorptions were most intense and best resolved in the ), orientation. As such, Bums emphasized results from his analysis of the 7 spectra, and it is these interpretations that form the foundation of our understanding of compositional variation in absorptions in olivine spectra.
However, unlike polarized transmission spectra, reflectance spectra include random contributions from all three optical orientations, making it difficult to apply results directly from transmission spectra. King and Ridley [1987] While olivine reflectance spectra can generally be described by three absorption bands, comparisons of Figures 3a and 3b reveal several distinctions among the absorptions in the forsterite and fayalite spectra. Each of the three primary absorption bands in the fayalite spectrum are stronger and at longer wavelengths than those in the forsterite spectrum. In addition, the two olivine spectra differ in terms of the relative strengths of their constituent bands. The weakest absorption in the forsterite spectrum is the short-wavelength band (band I, the first M1 band), but in the fayalite spectrum it is the central absorption (band II, the M2 band). Thus, while all three absorptions appear to increase in strength as Fe 2+ ions (in fayalite) replace the nonabsorbing Mg 2+ ions (in forsterite), the rate of this increase is apparently not the same for both the M1 and M2 sites. Each of these changes in absorption properties from forsterite to fayalite can be quantified and continuously monitored across the entire compositional suite by examining the band centers, widths, and strengths of the three primary olivine absorptions.
Position of Absorptions
The In addition to calculations of the band widths in wavelength (nm), Table 2 
Relative Strength of Absorptions
One final parameter, the strength of absorptions, can also be evaluated as a function of composition. As can be seen in Figures 1 and 3 , the intensity of the each of the three absorptions generally increases as the proportion of Fe 2+ ions increases. However, in reflectance spectra, band strengths can vary significantly; they are dependent on viewing geometry and are particularly sensitive to particle size. Therefore, in order to more accurately monitor changes in composition the relative, rather than absolute, strengths among the three principal olivine absorptions are examined. This approach proved quite successful in MGM analyses of pyroxene spectra ]. An additional advantage of analyzing relative band strengths is that the results can more easily be applied to spectra measured as scaled reflectance, i.e., data which do not include information on absolute albedo. For olivine spectra, the relative strengths are examined by normalizing each absorption to the strength of band III, the long-wavelength (second M1) absorption. should help resolve outstanding issues in olivine mineral physics (site preferences, changes in site size and distortion as a function of composition); however, such efforts are beyond the scope of this study. This analysis of the primary absorption in olivine spectra shows the MGM to be an excellent approach for quantifying the compositional variability of the band centers, band widths, and relative bands strengths of the primary olivine absorptions in reflectance spectra. Furthermore, several interrelationships among the three absorption bands have been observed and found to be consistent with Bums' [ 1970a] observations of transmission spectra of oriented olivine crystals. As will be discussed in sections 6 and 7, the results derived from these MGM analyses of olivine in laboratory reflectance spectra can now be used as a quantitative framework for interpreting remotely acquired spectra. One olivine absorption in particular, an absorption feature near 0.6 gm, has been the subject of much discussion. MGM modeling reveals that despite its apparent strength, the 0.6-gm absorption is, in fact, extremely weak. As an example, the MGM fits to the fayalite spectrum (Fo 01-R) in the 0.7-gm region, with and without including an absorption band at 0.6 gm, are shown in Figures 8a and 8b , respectively. In Figure  8a , the strength of the 0.6-gm band (arrow) can be seen relative to the other, much stronger olivine absorptions. Figure 8b illustrates that omission of the 0.6-gm band has little effect on the overall quality of fit. Since the 0.6-gm is so minor, its manifestation in olivine spectra is extremely dependent on interactions with other absorptions present in the region.
Absorptions in Olivine Spectra
Most spectra in the compositional suite shown in Figure 9 , a suite of spectra of particle size separates from the Hawaiian green sand beach (GSB), the appearance of absorptions short of 0.7 Bm is different in spectra which include the finest particle sizes (in this case; <45 Bm). Discrepancies in the 0.5 -0.7 Bm region in spectra from the smallest particle sizes can be seen in the olivine suites presented by King and Ridley [1987] and by Cloutis [1997] . In particular, the apparent change in overall appearance short of 0.7 Bm between spectra of <45 Bm and 45-75 Bm-particles of GSB is comparable to variations that have been attributed to changes in Ni 2+ abundances. These particle size effects suggest that compositional comparisons of absorptions short of 0.7 Bm in olivine spectra must be carried out using spectra that either all include or all exclude the finest particle sizes. Therefore, for comparison to remotely acquired spectra, the olivine study presented here uses only spectra which all include the finest particle sizes. However, given that the appearance of absorptions short of 0.7 Bm can easily vary due to the presence of other minor elements or minerals, as well as different particle sizes, without further analysis these absorptions are not recommended for remote interpretation. Fo 89-F, dashed curves) . Note that the spectral contrast in the 0.5 to 0.7 I. tm region is reduced in the spectrum which includes the finest particle (<45 !.tm and <60 !.tm). As described in the text, this change in spectral contrast makes comparisons between spectra which include or exclude the finest particle sizes difficult and also affects the utility of this wavelength region for remote analysis. [Pieters, 1982] which have been interpreted, based on the presence of broad 1.0-gm absorptions, to be olivine-rich. In addition to quantifying the relationship between band centers and composition (Figures 4 and 5) , MGM analyses of laboratory reflectance spectra have also established acceptable ranges for the band widths and relative band strengths (Figures 6 and 7 and Table 2) of the primary olivine absorptions. As described in section 4, several interrelationships among the three absorption bands, in particular, a strong coupling in the band centers and relative band strengths of the two M1 bands, have also been observed. Together, the variations in band centers, widths, and strengths as a function of composition (Figures 4-7) and the relationships among the three absorption bands, define the spectral properties of the major absorptions in Mg-Fe olivines. As such, MGM analyses of laboratory spectra form a standard for comparison to remotely acquired spectra. Therefore before results from analyses of unknown spectra can confidently be interpreted as olivine, they must conform to all the results of the laboratory studies, i.e., have band centers, widths, and relative strengths, as well as interrelationships among the absorption bands, that all lie within the ranges observed in laboratory spectra.
Extrapolation of Laboratory Results to Analysis of Remotely Acquired Data
In comparison to the laboratory data used here, currently available remotely acquired data have both lower signal-tonoise and lower spectral resolution. To test the applicability of the MGM to lower precision and lower resolution data one of the laboratory spectra, the Fo 97-A spectrum has been altered by adding 1% random noise and subsampling the resulting spectrum to simulate an effective resolution of 40 nm. The MGM solution to the "Fo 97+noise" spectrum with the lowest residual error, i.e., the minimum mathematical or unconstrained solution, is shown in Figure 10a . From a mathematical perspective, this solution adequately models the spectrum. However, comparisons between the solutions for the actual spectrum of Fo 97 (dashed curves) and the Fo 97+noise spectrum (solid curves Figure 10b ) reveal several important differences. In addition to minor inconsistencies in inferred band centers, there is a significant discrepancy between the relative strengths of the absorption bands in the two solutions. In particular, the solution to Fo 97+noise suggests that the central band (M2; band II) is the strongest. As illustrated in Figure 10c a solution with the M2 band as the strongest absorption, is inconsistent with the results derived from MGM analyses of the suite of laboratory spectra. The relative band strengths of the unconstrained MGM fit to Fo 97+noise do not satisfy the definitions of olivine as established by the laboratory data and the unconstrained fit is therefore deemed to be a physically unrealistic solution.
Given the number of free parameters involved in modeling the 1.0-gm olivine feature, it is not surprising that a simple minimization of the residual errors does not lead to physically meaningful results. Each of the three primary bands has three parameters (center, width, and strength), leaving a total of nine variables to be constrained solely by data in the 0.7 to 1.7 gm region. These nine free parameters cannot uniquely be determined from data with noise or decreased spectral However, these shortcomings can be overcome by more fully using the mathematics of inverse theory and in particular the modified stochastic inversion approach developed by Tarantola and Valette [1982] . A general benefit to using more sophisticated inversion methods, rather than a standard iterative least squares, is that results of laboratory studies can be directly incorporated into the fitting process. Rather than comparing solutions to laboratory analyses after the fitting is completed, the laboratory data can be viewed as a priori knowledge and explicitly used to constrain modeling. The particular advantage of the Tarantola and Valette [1982] stochastic inversion is that it also provides a mechanism, through covariance matrices, to place uncertainties on such constraints.
Thus, in addition to initial estimates and uncertainties in model parameters described in section 4 and by , the modified stochastic inversion method of Tarantola and Valette [1982] can be used to specifically include relationships among parameters. For example, in olivine spectra, the coupling between the strengths of the M1 absorption bands can be explicitly incorporated as a constraint in the MGM model. Based on the relative strengths observed in laboratory spectra (Figure 7) , the strength of the first M1 band (band I) can be set 0.55 times the strength of the second M1 band (band III). However, it is important to note that under the stochastic inversion, this constraint need not be rigid. In the analyses presented in this study, the constraint coupling the strengths of the M1 bands is given a smaller weight (by a factor of 0.8) than any other part of the model.
To illustrate the power of this inverse theory approach the test spectrum, Fo 97+noise, is refit using a model that includes the coupling of the strengths of the two M1 bands. As shown in Figure 11a , the constrained MGM model appears to adequately fit the test spectrum. Visual comparisons to the minimum mathematical solution (Figure 10a 
Estimating the Composition of Olivine on 246 Asporina
Using the analysis of the test spectrum Fo 97+noise as a paradigm, it should be possible to model the primary olivine absorptions in remotely acquired data with lower signal-tonoise and spectral resolution. Based on the resulting band centers, it should also be possible to reliably estimate the composition of olivine present on remote surfaces. The telescopic spectrum of the A-type asteroid 246 Asporina (combined data from Chapman and Gaffey [1979] and Cruikshank and Hartmann [1984] ) is a good candidate for this type of MGM analysis. The spectrum of Asporina is clearly dominated by a broad absorption feature near 1.0-gm, as shown in Figure 12a (open squares) . In contrast to many other olivine-rich asteroids [see Gaffey et al., 1993 ], the Asporina spectrum shows no evidence of pyroxene absorptions (i.e., has no visible absorptions in the 2.0-gm region) and can therefore be confidently compared to laboratory spectra of olivines. As such, Asporina has been inferred to be olivinerich, and based on comparisons to laboratory olivine spectra, However, unlike spectra of terrestrial olivines (Figure 1 ), the overall reflectance of the Asporina spectrum significantly increases with increasing wavelength. Such "reddening" has been interpreted to be due to the possible presence of metal [Gaffey, 1976; Cruikshank and Hartmann, 1984; Gaffey, 1984] . In order to mathematically account for this overall reddening effect, an additional continuum parameter, allowing the continuum to have a nonzero slope, is used in MGM analyses of the Asporina spectrum. In addition, the spectrum of Asporina, like those of most asteroids, was measured as scaled reflectance and therefore does not include any direct information on the albedo of the asteroid. For the analyses presented here, the spectrum has been rescaled to 1.0 at its maximum (-2.5 gm)so that all values of log reflectance are less than zero. As noted in section 4.3, neither the lack of absolute calibration nor the scaling of the data should hinder the MGM analysis nor affect compositional inferences because the MGM relies on values of relative, rather than absolute, band strength.
There is one additional complexity involved in extrapolating laboratory results to analysis of asteroid data. While the laboratory data ( Figure 1) were collected near 300 k, the average surfaces of asteroids are more likely to be between 125 K-175 K [e.g., Burns, 1993] . From a theoretical perspective, thermal vibrations should broaden the width of crystal field absorptions. If the cell size also increases with increasing temperature, then the energy of the absorptions should also move to longer wavelengths [Burns, 1970b [Burns, , 1993 However, there is no spectral evidence or theoretical rationale to suggest that the relative strengths of absorption bands should change with temperature. Thus the primary compositional differences among olivine spectra, the relative relations between the diagnostic bands, should be maintained regardless of minor temperature variations. If the cell size is significantly smaller at asteroidal temperatures, a wavelength adjustment would need to be made with appropriate adjustment to the MGM predicted Fo content.
Such quantitative experiments have yet to be performed. Nonetheless, the MGM can be used to quantitatively compare spectra from olivine-rich asteroids, such as the telescopic data for 246 Asporina, against our current understanding of the compositional variability of olivine reflectance spectra.
The analysis of the Fo 97+noise test spectrum presented above strongly suggests that unconstrained analyses are unlikely to yield meaningful results.
However, for completeness, initial MGM modeling of 246 Asporina has been carried out without using constraints on the M1 relative band strengths. To avoid any biases, the initial estimates of band centers (starting model) were chosen to correspond to compositions of Fo 50 and like the MGM fits to the olivine laboratory spectra includes uncertainties in band widths as described in section 4. The laboratory analyses of the principal olivine absorption in reflectance spectra have provided the quantitative basis necessary for analysis of remotely acquired spectra. These laboratory analyses have also revealed several systematic compositional trends in absorption characteristics of the M1 and M2 bands. Differences between the widths, the rate of increase of the centers, and the rate of increase of the strengths of the two M1 bands versus the M2 band are suggestive of site preferences. In addition, the observed increase in band widths, particularly for the M1 bands, in iron-rich samples suggests a discontinuous change in site properties as a function of iron content. However, in order to more completely determine possible site preferences, the significance of these observed changes in band widths, and any implications of the rates of change with composition, oriented transmission spectra of olivine should be quantitatively reexamined with the MGM.
Given the success of MGM modeling of the spectrum of 246 Asporina, spectra of other olivine-rich asteroids should also be analyzed using a similar inverse theory approach. Assessments of the compositional diversity among the olivine-rich asteroid population will add a new dimension to our understanding of the differentiation history and thermal evolution of the asteroid belt.
In Finally, the inverse theory approach presented here, which explicitly includes knowledge gained in the laboratory as part of the modeling of unknown spectra, will dramatically enhance our ability to analyze spectra of surfaces with more complex lithologies. This will be particularly advantageous in modeling spectra of more typical lithologies which include both olivine and pyroxene phases. However, as was demonstrated in this study of olivine spectra, before remote spectra can be confidently interpreted, experience must be gathered in the laboratory by quantitatively examining wellcontrolled mixtures between pyroxenes and olivines .
